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The  scrub  typhus  58-kilodalton  (kDa)  antigen  {Sta58)  of  Rickettsia  tsutsugamushi  is  a  major  protein  antigen 
often  recognized  by  humans  infected  with  scrub  typhus  rickettsiae.  A  2.9-kiIobase  //indlll  fragment  containing 
a  complete  staS8  gene  was  cloned  in  Escherichia  coli  and  found  to  express  the  entire  Sta58  antigen  and  a  smaller 
protein  with  an  apparent  molecular  mass  of  1 1  kDa  (Stpl  I).  DNA  sequence  analysis  of  the  2.9-kilobase  H indlll 
fragment  revealed  two  adjacent  open  reading  frames  encoding  proteins  of  11  (Stpll)  and  60  (Sta58)  kDa. 
Comparisons  of  deduced  amino  acid  sequences  disclosed  a  high  degree  of  homology  between  the  R. 
tsutsugamushi  proteins  Stpll  and  Sta58  and  the  E.  coli  proteins  GroES  and  GroEL,  respectively,  and  the 
family  of  primordial  heat  shock  proteins  designated  HspIO  Hsp60.  Although  the  sequence  homology  between 
the  Sta58  antigen  and  the  Hsp60  protein  family  is  striking,  the  Sta58  protein  appeared  to  be  antigenically 
distinct  among  a  sample  of  other  bacterial  Hsp60  homoiogs,  including  the  typhus  group  of  rickettsiae.  The 
antigenic  uniqueness  of  the  StaS8  antigen  indicates  that  this  protein  may  be  a  potentially  protective  antigen  and 
a  useful  diagnostic  reagent  for  scrub  typhus  fever. 


Rickettsia  tsutsugamushi,  the  causative  agent  of  the  some¬ 
times  fatal  febrile  illness  known  as  scrub  typhus,  is  an 
obligate  intracellular  bacterium  that  is  transmitted  to  humans 
by  the  mite  vector  Leptotrombidium  deliense  (52).  In  hu¬ 
mans.  immunity  after  infection  lasts  for  1  to  3  years  against 
the  homologous  strain  but  is  short  lived  (less  than  1  year) 
against  heterologous  strains  (46, 47).  Studies  with  laboratory 
animals  have  shown  that  both  cellular  and  humoral  immune 
responses  occur  after  infection,  with  the  cellular  immune 
response  being  required  for  protection  (16,  19,  25,  42). 
Humans  infected  with  scrub  typhus  rickettsiae  produce 
serum  antibodies  to  at  least  eight  rickettsial  proteins,  includ¬ 
ing  the  110-,  58-,  ^6-,  and  47-kilodalton  (kDa)  polypeptides 
(Karp  strain;  E.  V.  Oaks,  unpublished  data).  Of  these  scrub 
typhus  antigens  (Sta),  the  56-kDa  major  outer  membrane 
protein  (Sta56)  and  the  58-kDa  protein  (Sta58)  are  among  the 
most  abundant  proteins  in  this  rickettsia  and  are  the  antigens 
most  often  recognized  by  infected  animals  and  humans  (13, 
51,  53;  E.  V.  Oaks,  unpublished  data).  At  least  two  antigens 
(StallO  and  Sta56)  have  strain- variable  molecular  weights, 
contain  strain-specific  epitopes,  and  are  possibly  involved  in 
the  strain-specific  protective  immune  response  (10,  13,  32, 
51).  The  Sta58  antigen  appears  to  be  more  highly  conserved 
among  scrub  typhus  rickettsiae,  since  all  strains  tested  to 
date  express  indistinguishable  epitopes  on  a  polypeptide  that 
consistently  runs  at  an  apparent  molecular  mass  of  58  kDa  as 
determined  by  sodium  dodecyl  sulfate-polyacrylamide  gel 
electrophoresis  (SDS-PAGE)  (32). 

Because  sufficient  quantities  of  this  intracellular  pathogen 
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are  difficult  to  obtain,  the  genes  encoding  all  the  major 
antigens  and  some  of  the  minor  antigens  of  R.  tsutsugamushi 
have  been  cloned  and  expressed  in  Escherichia  coli  to 
facilitate  the  evaluation  of  these  potentially  protective  anti¬ 
gens  as  components  of  a  subunit  vaccine  and  future  diagnos¬ 
tic  procedures  (32,  33,  50).  In  this  paper,  we  report  the 
molecular  cloning  and  expression  of  the  gene  encoding  the 
Sta58  protein  antigen  in  E.  coli.  DNA  sequence  analysis  of  a 
2.9-kilobase  (kb)  //mdlll  fragment  carrying  the  Sta58  gene 
revealed  two  adjacent  open  reading  frames  (ORFs)  poten¬ 
tially  encoding  scrub  typhus  proteins  of  11  and  60  kDa  (stpll 
and  sta58,  respectively).  The  deduced  amino  acid  sequence 
of  the  sta58  ORE  was  found  to  be  homologous  to  those  of  the 
bacterial  common  antigens  and  the  highly  conserved  family 
of  60-kDa  heat  shock  proteins  known  collectively  as  Hsp60 
stress  proteins  (15,  27,  41,  48,  56,  58). 

The  Hsp60  homologs  from  a  number  of  microbial  patho¬ 
gens  are  being  evaluated  as  potential  vaccine  components,  in 
part  because  they  are  abundant  proteins  and  are  usually 
recognized  by  the  immune  system  of  the  infected  host  (39, 
55,  56).  Similarly,  the  Sta58  protein  is  one  of  the  most 
abundant  proteins  in  R.  tsutsugamushi  that  is  also  immuno¬ 
genic.  The  Hsp60  protein  family  exhibits  a  high  degree  of 
homology  and  antigenic  cross-reactivity,  with  very  few 
unique  determinants  having  been  described  (15.  41,  48,  56). 
The  high  degree  of  conservation  of  Hsp60  protein  subunits 
could  potentially  trigger  an  autoimmune  response  to  the 
human  Hsp60  homolog  (54).  In  this  study,  we  demonstrate 
that  a  substantial  degree  of  heterogeneity  is  also  possible 
within  the  highly  homologous  framework  of  the  Hsp60 
family,  as  only  weak  serological  cross-reactivity  was  ob¬ 
served  between  the  Sta58  antigen  and  the  Hsp60  homologs 
of  some  other  common  bacterial  pathogens.  A  surprising 
lack  of  antigenic  similarity  between  the  Sta58  protein  and  the 
Hsp60  homoiog  of  Rickettsia  typhi  may  also  indicate  that  R. 
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tsutsugamushi  is  more  distantly  related  to  the  other  mem¬ 
bers  of  the  genus  Rickettsia  than  was  previously  thought. 

MATERIALS  AND  METHODS 

Bacterial  strains,  media,  and  passage  and  preparation  of  R. 
tsutsugamushi.  A  plaque-purified  Karp  strain  of  R.  tsutsuga- 
mushi  was  used  throughout  this  study.  The  passage  history 
of  this  strain  was  embryonated  chicken  eggs  (52  times),  L 
cells  (3  times),  and  embryonated  chicken  eggs  (6  times). 
Rickettsiae  were  grown  in  mouse  fibroblasts  (L-929  cells) 
incubated  at  34°C  in  a  humidified  atmosphere  of  5%  CO,- 
95%  air.  The  rickettsiae  were  harvested  5  to  7  days  postin¬ 
fection  and  subsequently  purified  on  Renografin  (Squibb 
Diagnostics,  New  Brunswick,  N.J.)  density  gradients  as 
previously  described  (33).  E.  coli  host  strains  and  vectors  are 
described  below.  All  E.  coli  strains  were  grown  in  Luria 
broth  or  Luria  broth  agar  (24).  Luria  broth  was  supple¬ 
mented  with  ampicillin  (100  p-g/ml)  for  E.  coli  containing  all 
plasmid  pBR322  derivatives. 

Recombinant  DNA  procedures.  R.  tsutsugamashi  genomic 
DNA  was  isolated  from  purified  rickettsiae  as  previously 
described  (33).  All  restriction  enzymes,  T4  DNA  ligase,  and 
bacterial  alkaline  phosphatase  were  obtained  from  New 
England  BioLabs  (Beverly,  Mass.)  and  used  per  the  manu¬ 
facturer’s  instructions.  Xgtll  libraries  were  constructed  in  E. 
coli  host  strain  Y1090  (57)  by  using  a  modified  method  with 
conversion  adaptor  oligonucleotides  as  described  by  Stover 
et  al.  (50).  Antigen-positive  recombinant  bacteriophage  were 
identified  by  screening  with  hyperimmune  rabbit  sera  (33, 
50).  Two  recombinant  phages  (XgtllRts224  and  XgtllRts408) 
(32)  expressing  Sta58  epitopes  were  used  as  a  source  of  DNA 
for  probing  plasmid  libraries.  Recombinant  Xgtll  phage 
DNA  was  purified  as  described  by  Silhavy  et  al.  (44).  Cloned 
inserts  were  separated  from  recombinant  Xgtll  phage  DNA 
by  EcoRl  digestion  and  agarose  gel  electrophoresis  on  0.5% 
low-melting-point  agarose  (International  Biotechnologies, 
Inc.,  New  Haven,  Conn.).  Restriction  fragment  bands  were 
excised,  melted  at  OO^C  in  50  mM  Tris  (pH  8.0)-100  mM 
NaCl  buffer,  and  purified  by  using  Elu-Tips  (Schleicher  & 
Schuell,  Inc.,  Keene,  N.H.).  Plasmid  DNA  was  prepared  by 
a  modification  (26)  of  the  procedure  described  by  Bimboim 
and  Doly  (3).  Plasmid  DNA  was  transformed  into  E.  coli 
HBlOl  competent  cells  by  using  the  manufacturer’s  specifi¬ 
cations  (Bethesda  Research  Laboratories,  Inc.,  Gaithers¬ 
burg,  Md.).  DNA  probes  were  labeled  by  nick  translation 
with  the  Bethesda  Research  Laboratories  nick  translation  kit 
and  [a-^^PjdCTP  (Dupont,  NEN  Research  Products,  Bos¬ 
ton,  Mass.).  All  agarose  (EMC  Bioproducts,  Rockland, 
Maine)  gel  electrophoresis  was  performed  in  Tris-acetate 
buffer,  and  DNA  was  visualized  with  ethidium  bromide 
(Sigma  Chemical  Co.,  St.  Louis,  Mo.)  as  described  by 
Maniatis  et  al.  (26).  Southern  blot  hybridization  and  colony 
blot  in  situ  hybridization  were  performed  as  described  by 
Maniatis  et  al.  (26). 

Overlapping  restriction  fragments  of  plasmid  pRTS58H2.9 
were  cloned  into  the  replicative  forms  of  M13mpl8  and 
M13mpl9  vectors  (29,  37).  XLl-Blue  cells  were  transformed 
with  the  recombinant  M13  replicative-form  DNA  (Strata- 
gene.  La  Jolla,  Calif.)  and  plated  on  strain  TGI  (Amersham 
Corp.,  Piscataway,  N.J.).  Double-  and  single-stranded 
DNAs  from  transfected  cultures  were  prepared  as  described 
by  Ausubel  et  al.  (1).  The  complete  DNA  sequences  of  both 
strands  of  the  2.9-kb  Hindlll  restriction  fragment  of  plasmid 
pRTS58H2.9  were  determined  by  using  the  modified  Sanger 
dideoxy-chain  termination  method  (38)  and  (^*S]dATP  (Du¬ 


pont,  NEN)  essentially  as  described  by  Johnston- Dow  et  al., 
using  the  Sequenase  kit  (United  States  Biochemical,  Cleve¬ 
land,  Ohio)  (18).  Oligonucleotide  primers  were  synthesized 
on  a  Milligen  Biosearch  8700  by  using  phosphoramadite 
chemistry  (2).  Sequencing-gel  electrophoresis  was  per¬ 
formed  on  6%  polyacrylamide-7  M  urea  denaturing  gels 
(Bio-Rad  Laboratories,  Rockville  Centre,  N.Y.).  Dried  gels 
were  autoradiographed  by  using  SB  or  BB  (Eastman  Kodak 
Co.,  Rochester,  N.Y.)  X-ray  film.  Assembly  and  analysis  of 
the  DNA  sequence  and  derived  protein  sequences  were 
accomplished  with  the  University  of  Wisconsin  Genetic 
Computer  Group  Sequence  Analysis  Software  Package  (9). 

Identification  of  plasmid-encoded  proteins.  Plasmid-en¬ 
coded  proteins  were  identified  in  E.  coli  HBlOl  by  using  a 
modified  maxicell  procedure  (36,  49).  Modifications  were  as 
follows:  HBlOl  was  used  instead  of  CSR603;  the  medium 
volume  was  doubled  with  M9  containing  1%  Casamino  Acids 
(Difco  Laboratories,  Detroit,  Mich.)  and  ampicillin  (100 
p.g/ml)  immediately  after  UV  irradiation:  and  freshly  pre¬ 
pared  cycloserine  (200  M.g/ml;  Sigma)  was  added  2  h  after 
irradiation  and  2  h  before  harvesting  and  labeling  of  the 
irradiated  HBlOl  recombinant  cells  with  [’'SJmethionine 
(Dupont.  NEN).  Labeling  was  carried  out  in  M9-1.2% 
methionine  assay  medium  (Difco).  The  labeled  maxicell 
preparations  were  analyzed  by  discontinuous  13%  SDS- 
polyacrylamide  gei  electrophoresis  (31)  with  the  buffers 
described  by  Laemmli  (23).  Autoradiography  using  Kodak 
Blue  Brand  X-ray  film  was  performed  on  the  separated 
proteins  after  they  were  electroblotted  onto  nitrocellulose. 

Protein  electrophoresis  and  Western  blotting.  Rabbit  anti- 
R.  tsutsugamushi  antiserum  was  prepared  from  a  rabbit 
innoculated  with  gradient-purified  whole  R.  tsutsugamushi 
Karp,  which  was  also  used  for  Western  blot  (immunoblot) 
analysis.  This  serum  was  exhaustively  absorbed  with  E.  coli 
for  use  in  Western  blot  analysis  of  recombinant  E.  coli  as 
described  previously  (33).  Anti-BCG  serum  was  raised  in 
BALB/c  mice  to  a  cell  wall  fraction  prepared  from  Myco¬ 
bacterium  bovis  BCG  (bacillus  Calmette-Gu6rin)  (Ribi  Im- 
munochem  Research.  Inc.,  Hamilton,  Mont.).  Polyvalent 
antiserum  to  the  Coxiella  burnetii  HtpB  protein  (Hsp60 
homolog)  was  raised  to  a  peptidoglycan  fraction  from  a 
recombinant  E.  coli  strain  expressing  the  C.  burnetii  HtpB 
antigen  as  described  by  Vodkin  and  Williams  (55).  The  Nine 
Mile  strain  of  C.  burnetii  was  grown  and  purified  as  de¬ 
scribed  by  Vodkin  and  Williams  (55).  The  BCG  cell  wall 
fraction,  purified  C.  burnetii  Nine  Mile,  and  antisera  to  the 
BCG  cell  wall  fraction  and  C.  burnetii  HtpB  were  kindly 
provided  by  Jim  C.  Williams,  U.S.  Army  Research  Institute 
of  Infectious  Diseases,  Frederick,  Md.  SDS-PAGE  and 
Western  blotting  of  rickettsial  polypeptides  were  performed 
as  previously  described  (4, 23,  31).  Staphylococcal  protein  A 
conjugated  with  alkaline  phosphatase  (Cappel,  Organon 
Teknika  Corp.,  West  Chester,  Pa.)  was  used  to  detect  the 
antibody  bound  to  antigens  in  the  Western  blot  assay. 
Alkaline  phosphatase-conjugated  probes  were  developed 
with  fast  red  TR  salt  and  naphthol  AS-MX  phosphate  as 
previously  described  (43). 

RESULTS 

Molecular  cloning  of  a  complete  staSi  gene.  Fragments  of 
the  gene  encoding  the  58-kDa  protein  antigen  of  R.  tsutsu¬ 
gamushi  had  been  previously  cloned  in  Xgtll  (32,  50). 
Purified  restriction  fragment  inserts  from  Xgtll  clones 
(clones  XgtllRts224  and  XgtllRts408)  (32)  expressing  anti¬ 
genic  determinants  of  the  Sta58  protein  were  used  as  nucleic 
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FIG.  1.  Western  blot  and  maxicell  analysis  of  plasmid 
pRTS58H2.9-encoded  proteins.  The  left  panel  is  a  Western  blot 
reacted  with  rabbit  anti-/?,  isiilsiinamiishi  (strain  Karp)  against 
HB101(pBR322)  (lane  1),  HB101(pRTS56H2.3)  (lane  2).  HBlOl 
(pRTS58H2.9)  (lane  3),  and  R.  tsinsugamushi  Karp  (lane  4).  The 
Sta56  antigen  expressed  in  either  E.  coli  or  R.  tsutsugamushi  is 
indicated  in  lanes  2  and  4  of  the  Western  blot,  respectively.  The 
recombinant  and  rickettsial  Sta58  antigens  of  R.  tsiifsugamuslti  are 
indicated  in  lanes  3  and  4,  respectively.  To  the  right  is  an  autorad¬ 
iograph  of  [^'Slmethionine-labeled  maxicell  preparations  of  HBlOl 
(pBK322)  (lane  5)  and  HB101(pRTS58H2.9)  (lane  6)  separated  by 
SDS-PAGE.  The  Sta58  antigen  and  Stpll  protein,  both  encoded  by 
pRTS58H2.9,  are  indicated  in  lane  6  of  the  maxicell  SDS-PAGE 
autoradiograph.  Stpll  was  not  recognized  by  the  serum  used  in  the 
Western  blot  (lane  3).  The  p-lactamase  protein  encoded  by  the 
pBR322  vector  (p-La)  is  indicated  in  lanes  5  and  6  of  the  maxicell 
preparations. 

acid  probes  to  identify  restriction  fragments  associated  with 
the  staSS  gene  by  Southern  blot  hybridization  (data  not 
shown).  A  2.9-kb  //tVidlll  fragment,  identified  in  this  man¬ 
ner.  was  cloned  into  the  ///ndfll  site  of  pBR322  and  identi¬ 
fied  by  colony  blot  in  situ  hybridization  with  the  sta5S 
nucleic  acid  probes.  The  resulting  plasmid,  designated 
pRTS58H2.9,  was  found  to  express  proteins  with  apparent 
molecular  masses  of  11  and  58  kDa  by  SDS-PAGE  maxicell 
analysis  (Fig.  1).  Western  blot  analysis  showed  that  the 
recombinant  58-kDa  protein  reacted  with  rabbit  hyperim¬ 
mune  anti-R.  tsutsugamushi  serum  that  had  been  preab¬ 
sorbed  with  E.  coli.  The  recombinant  protein  comigrated 
with  the  58-kDa  antigen  of  R.  tsutsugamushi  (Fig.  1,  lanes  3 
and  4).  The  small  apparent  molecular  mass  diflference  be¬ 
tween  the  recombinant  Sta58  antigen  and  the  Sta56  strain- 
specific  major  antigen  of  R.  tsutsugamushi  (strain  Karp) 
could  also  be  demonstrated  (Fig.  1,  lanes  2  and  4  (recombi¬ 
nant  and  native  Sta56,  respectively]).  The  complete  recom¬ 
binant  58-kDa  protein  also  reacted  with  anti-Sta58  serum 
that  had  been  affinity  purified  by  using  recombinant  antigen 
from  Xgtll  clones  expressing  smaller  antigenic  fragments  of 
the  Sta58  antigen  (data  not  shown).  The  smaller  11-kDa 
recombinant  protein  did  not  react  with  the  rabbit  anti-R. 
tsutsugamushi  serum  by  Western  blot  analysis. 

Sequence  analysis  of  the  DNA  encoding  Stpll  and  Sta58. 
The  2.9-kb  //mdlll  fragment  carrying  the  gene  for  the  Sta58 
protein  was  subjected  to  DNA  sequence  analysis  (Fig.  2). 
The  33%  G+C  content  of  the  sequenced  2.9-kb  //mdlll 
restriction  fragment  is  comparable  with  the  R.  tsutsuga¬ 
mushi  genomic  G+C  content  of  35%  (C.  K.  Stover,  unpub- 
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fished  data).  Translations  of  all  possible  reading  frames 
revealed  two  ORFs  separated  by  72  bases  (Fig.  2).  These 
two  ORFs,  designated  s/pll  and  staSS,  were  only  marginally 
less  AT-rich  (36%  G+C)  than  the  entire  2.9-kb  Hindlll 
fragment.  The  11-  and  60-kDa  coding  capacities  of  these  two 
ORFs  were  in  reasonable  agreement  with  the  sizes  of  the 
recombinant  11-  and  58-kDa  gene  products  identified  by 
maxicell  analysis.  Polypurinc-rich  potential  ribosomal  bind¬ 
ing  sites  were  located  4  bases  from  the  start  codon  of  the 
stpll  ORF  and  8  bases  from  the  start  codon  of  the  .sta5S 
ORF.  Reasonable  matches  to  the  E.  coli  promoter  - 10  and 
-35  consensus  sequences  were  also  found  110  bases  5'  from 
the  likely  start  codon  of  the  s/oll  gene  (Fig.  2). 

Homology  searches  using  the  derived  amino  acid  se¬ 
quence  encoded  by  the  staSS  ORF  disclosed  striking  identity 
to  the  E.  coli  GroEL  protein,  the  mycobacterial  65-kDa 
antigens,  the  C.  burnetii  HtpB  protein,  and  the  large  family 
of  60  kDa  stress  proteins  (data  not  shown)  (15.  41,  48,  56, 
58).  Figure  3  depicts  a  best-fit  amino  acid  sequence  align¬ 
ment  of  the  R.  tsutsugamushi  Sta58  protein  and  the  pub¬ 
lished  sequences  of  other  Hsp60  proteins  from  four  bacterial 
genera,  one  plant,  one  yeast,  and  humans  (14, 17.  28,  35.  55). 
The  amino  acid  sequence  homology  between  the  deduced 
Sta58  protein  and  the  Hsp60  family  averaged  49%  identical 
residues  (Fig.  3).  Alignment  of  hydrophobicity  curves  for 
each  of  the  seven  Hsp60  homologs  disclosed  superimposable 
hydrophobic  profiles,  indicating  that  a  substantial  percent¬ 
age  of  the  nonidentical  amino  acids  are  of  conserved  type 
(Fig.  4).  Further  analysis  revealed  that  approximately  40%  of 
the  nonidentical  amino  acids  are  conservative  replacements, 
yielding  an  average  sequence  similarity  of  approximately 
70%.  The  alignment  of  the  seven  Hsp60  sequences  revealed 
at  least  four  hyperconserved  regions  along  the  Hsp60  poly¬ 
peptide  backbone.  The  C-terminal  region  of  the  Sta58  se¬ 
quence  contained  the  same  repetitive  Gly-Gly-Met  motif 
observed  in  all  Hsp60  homologs  except  the  plant  Triticum 
aestivum  (wheat)  (14).  It  has  been  suggested  that  the  hydro- 
phobic  C-terminal  region  of  this  protein  family  is  transmem- 
branous  and  that  the  hydrophilic  repetitive  Gly-Gly-Met 
sequence  at  the  extreme  C  terminus  may  serve  to  anchor  this 
protein. 

Previous  sequence  analysis  of  regions  encoding  the  Hsp60 
homologs  of  E.  coli  (GroEL),  C.  burnetii  (HtpB),  and 
Synechococcus  strain  6301  (Urf4)  had  also  identified  a  gene 
encoding  a  10-  to  11-kDa  protein  5'  to,  and  probably  cotrans¬ 
cribed  with,  the  7isp60  gene  (7,  14,  55).  These  smaller  10-  to 
12-kDa  polypeptides  are  designated  HsplO  proteins.  Com¬ 
puter-assisted  best-fit  alignments  between  the  derived  amino 
acid  sequence  of  the  recombinant  R.  tsutsugamushi  Stpll 
protein  and  the  derived  amino  acid  sequences  of  E.  coli 
GroES,  C.  burnetii  HtpA,  Mycobacterium  tuberculosis  12- 
kDa  antigen,  and  Synechococcus  strain  6301  Urf3  disclosed 
an  average  sequence  identity  of  46%.  As  in  the  comparisons 
of  Hsp60  sequences,  a  substantial  percentage  of  the  noni¬ 
dentical  amino  acids  were  similar,  resulting  in  generally 
superimposable  hydrophobic  profiles  (Fig.  4).  Homology 
between  four  bacterial  GroES  homologs  was  found  to  be 
uniform  throughout  the  length  of  the  relatively  small  poly¬ 
peptide  backbone. 

Other  studies  have  shown  that  the  E.  coli  stress  protein 
GroEL  and  the  Hsp60  homologs  of  C.  burnetii  (HtpB),  M. 
tuberculosis,  and  Mycobacterium  smegmatis  (65-kDa  anti¬ 
gen)  are  heat  shock  proteins  (29,  41,  55).  Potential  heat 
shock  promoter  -10  and  -35  regions  have  been  found  5'  to 
the  groES-groEL  gene  operon  of  E.  coli  and  the  htpA-htpB 
operon  of  C.  burnetii  (6.  14,  55).  Expression  of  the  recom- 
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AAGCTTTGCAACATTAATTGCCMTTCTT  -7&1 

-  7  50  mACAGTAATGTAATTGCGGTTAGAAAAAGTGACTGAAACCTCAGAAMAACAATTGTAGT  A3TTMTTGCTTAATACAATATTTACATCTAATAGTAA  *651 

-650  AACATTTGACTTTCTTAGTTTTAATTTTAGGCTAGTCAAAACTGATCAATCTAAAATTAAAATTCAGAAAAATGTCTAGAACGAGAGCACAAACTTCTCT  -551 

-550  GCTAAAAATACTAAAAGAAATATTCTGCAAGTTTATATTGTAACCAATTGATAGAGTAATATATCTTATCAACCAGATATTACATGGCTTGATAAATTAC  -451 

-450  TTTAGGATTGGTAACTCTAGCAGTTGTTTT^TATGTAATGGACTTGTTTGATAAGATAGTAAGACATCATCTAATGCAATCAAGTGGATTGAAAGGCT  -351 

-350  TTTGCTGGAAAAGGTTGTGTAGAACAAAGTTATATGAAAAGGTGGAATTATATAATGATTACCAAATTCGATAGATCTGTGGTAAGCAATAACTrCTGAT  -251 

-2  50  AGGCTATAAGC  AATGATATAGCTAAACCAGTATAAAACAGTTATCTTATATACTTTTTCAAATTAATTAAGAAAAAC  AATTAGTGCGATATTAATGGTTT  - 1 51 

_nys  -35 

- 1 50  AAACTCAGCGTATAAAAGAAAAATATAAAAATTTTTrATTCACACTTGAAATAAGTACTAACAGAAGATATATGATTAGCGCATAGTAAAAGTATAGATT  -51 

-35  .  .  .  -10  . 

-  50  AACTAATTATGCTAATTTAATTATATAGAGTTAAATTTTTGGAGGATTATATGAAATACCAACCACTCTATGATCG7GTGCTAGTTGAGCCAATACAAAA  4  9 

RBS  MKYQPLYDRVLVEPIQN 

-►Stpll  .... 

50  TGATGAAGCAC  ATGGAAAAATTCTT  ATTCC  AGATACCGC  AAAGGAGAAACCAACAGAAGGAATAGTAGTTATGGTTGGCGGTGGCTATAGAAATGATAAA  1 4  9 

DEAHGKILIPDTAKEKPTEGIVVMVGCGYRNOK 

150  GGTGATATTACACCGTTAAAAGTAAAGAAAGGAGATACTATAGTCTATACAAAATGGGCTMTACTGAAATAAAATTAGAWVSTAAAGACTATGTAGTTA  249 

GDITPLKVKKGDTIVYTKWACTEIKLESKDYVVI 

250  TrAAAGAATCAGATATATTATTAGTTAAAAGCTAAAATGCTTAATGTATTAATAATTAAAGGATGCTAGArrAATCAAATTATAAAATATTTTAAGG^T  349 

KESDILLVKS*  RBS 

350  TTTCAGTATGAGTAAACAAATTGTACATCGCGATCAATGTCGTAAAAAAATAATAGAAGGCATAAATCTTGTAGCTAATGCAGTAGGTATAACATTAGGA  449 

MSKQIVHGOQCRKKIIECINVVANAVGITLG 

........ 

4  50  CCCAAAGGTAGATGTGTAGCAATAGAACAATCTTATGGTCCTCCTAAAATTACTAAAGATKAGTTAGTGTTGCTAAAGCAATTCAACTTAAGGATAAAT  54  9 

PKGRCVAIEQSYGPPKITKDGVSVAKAIOLKDKS 

550  CTCTTAATGTTGGAGCCCAATTTCTTATATCAGTTGCTAGTAAAACAGCTGATGTGGCTGGTGATGGTACAACTACTGCTACAGTTATAGCTGATGCTGC  649 

lnvgaofvisvasktadvagdgtttatviadaa 

650  AGTTAGGGAGCTAAATAAAGCTGAAGTTGCAGGCATTGATATACACGAAGTAAGAAAAGGCGCTGAGAAAGCTCmAAGCAGTTATTGCTGATGTACGT  74  9 

VRELNKAPVAGIDIQFVRKGAEKAVEAVIADVR 

750  AAAAACAGCACCCCTGTTAAAAATCAGGAAGAAATTGCTCAAGTAGCTACTGTTTCATCTAATGGAGACCGCGAAATTCGTGAAAAGATTGCTAATGCAA  B4  9 

KNSSPVKNEEE  lAOVATVSSNGORE  I  GEK  lANAM 

850  TCAAACAAGTTGGCCAAGAAGGACTGATAACTGTTGAAGATTCTAAAAATTTTAACTTTGAWlTTGAAGrTGTTAAAGGAATGAGATTTGACCGCGGATA  949 

KQVGQEGVITVEDSKNFNFEVEVVKGMRPDRGY 

950  TATATCACAGTACrrXGCAACGAATCGTGAAAAGATGATTACCGAATTTGAAAATCCTTATATTTTGCTATTGGATCAGAAGGTATCTACAGTGCAGCCA  1049 

ISQYFATNREKMITEFENPYILI.  LDQKVSTVQP 

1 050  CTGG'rrCCTSTGCTTGAAGCTCTTCCTCACACTGGCAAGCCATTAGTATTCATTGCTGATGATGTAGACGGACA/iLiCTCTTACTCCATTGATATTAAACA  1149 

LVPVLEAVAHTGKPLVLIADDVDCEALTALILNN 

1150  ATTTAAAAGGTTCTATTAAAGTAGTAGCTGTTAAGGCACCTGGTrTTGGTGATCGAAAAAAAGAAATGTTAGAAGATATTGCTATTTTAACAAATGGAGA  1249 

LKGSIKVVAVKAPGFGORKKEMLEDIAILTNGE 

1250  WTAATTACTGAACAACTAGGAATCAAACTAGAAAAGGTTAATGATACATCT-h^GTTACGMCTGCAAATACACTTATTGTTACAAAAGATCATACTACT  1 349 

VITEgLGIKLEKVNOTSKLGTANRVlVTKDHTT 

1  3  SO  ATACTTC  ATG  ATAAG  AATAATAGTGATAT  AG  AC  AACAAAGTTAATTCTCGTTCTGAACAGATCCGTGAAGCAATTAAAGATACAACTTCAG  ATTATC  AAA  1449 

IVHDKNNSniEKKVNSRCEQIREAIKDTTSOYEK 

1450  i^AAAAATTACAAGAGCGcfrAGCAAAACTTAGAAACGGTCTAGCTGTACTAAAAGTTGGTGGTGCTACTGAACTACAACAAAAAGAACGTAAGGATAG  1549 

EKLOERIAKLRNGVAVLKVCGATEVEQKERKDR 

1 550  ^TAGAAGATGCTTTACATGCTACTAGAGCAGCTGrrGAAGAAGGTATAGTGCCTGCTGGTGCTGTTCCGCTATTTTATGCTTCTCGTGTTTTAGATAGT  1 649 

VEOALHATRAAVEBGIVPGGGVALFYASRVLOS 

1650  TTGAAGTTTGATAATGAAGATCAAAGGGTAGGTATTAACATTATCAAAAAACTATTAGAAGCTCCGGTAAGACAAATAGTTAAAAATGCTGGAGGCAAAG  1749 

LKFDNEOQRVCINIIKKVLEAPVRQIVKNAGGKE 

1750  AGGATGTTGTTCTTAATCAACTAAGCAAGAGTACAGATAAAAACCGTGGATTCGAT>3CTAGAACAATCCAATACGTTGATATGATAAAAGCAGGTAT7GT  J849 

DVVVNE  LSKSTDKNRGFOARTMQYVDM  1  KAG  IV 

1850  GGATCCAACTAAAGTTGTACGTACTGCGTTACAAGATGCTrTTTCTGTGGCTTCATTAGTAATTCCTACCTCAGCTATGATTACTGATCATCACGAAGAT  1 949 

DPTKVVRTALQDAFSVASLVIATSAMITDHEED 

1950  AATAATACTCGTAACCGCAGTGGTGGTGCAGTAGGTXTGgACATCATCGTGGTATGGGCGGAATGGATTTCTAATCCGCCCCCATGTCTACCTTCAAAA  2049 

NNTGNRSGGGVGGGHHGGMGGMDF* 

2050  AAAATAGAGTATAACTTTTGTATAAGGTTGCTACTTATGTATTTTTTTWTMAATTGCAGTATAATATTTCAAGCTT  2126 

FIG.  2.  Nucleotide  sequence  and  deduced  amino  acid  sequences  of  the  stplhsta5$  genes  and  flanking  5’  and  3'  regions.  ORFs  encoding 
tiie  Stpll  and  Sta58  proteins  are  denoted  by  rightward-pointing  (5'  to  3')  arrows.  The  first  base  of  the  presumed  Stpll  initiation  codon  is 
numbered  0.  Sequences  resembling  the  consensus  sequences  for  ribosomal  binding  sites  (RBS)  and  promoter  -10  and  -35  regions  are 
underlined.  A  12-base-pair  sequence  resembling  the  consensus  sequence  for  a  heat  shock  promoter  -35  region  (H/S  -35)  is  overlined. 
Asterisks  denote  stop  codons.  GenBank  accession  number  is  M31887. 


binant  Sta58  stress  protein  homologs  did  not  appear  to  be 
stimulated  at  higher  temperatures  (44°C)  in  E.  coli  (data  not 
shown).  However,  a  good  match  to  the  heat  shock 
promoter  -35  region  was  found  overlapping  the  putative 
s/pll-5fa58  -35  region  proposed  above  (Fig.  2).  A 
potential  Ea^^  heat  shock  promoter  -10  region  was  not 
identified. 

Antigenic  uniqueness  of  Sta58  among  the  family  of  Hsp60 
stress  proteins.  The  first  evidence  of  a  60-kDa  common 
antigen  family  (Hsp60)  among  procaryotes  was  based  on 
serum  cross-reactivity  (15).  Antigenic  cross-reactivity  be¬ 
tween  the  R,  tsutsugamushi  Sta58  and  the  Hsp60  common 


antigens  has  not  been  previously  reported.  Because  of  the 
strong  sequence  homology  observed  between  the  R.  tsutsug¬ 
amushi  Sta58  protein  and  the  Hsp60  family  of  stress  pro¬ 
teins,  the  Sta58  antigen  was  compared  with  other  bacterial 
Hsp60  homologs  by  Western  blot  analysis  with  polyvalent 
and  monoclonal  antisera  known  to  react  with  bacterial 
Hsp60  antigens  (Fig.  5).  Polyclonal  antiserum  to  a  BCG  cell 
wall  fraction  and  the  C.  burnetii  Hsp60  homolog  (62-kDa 
HtpB  antigen)  reacted  strongly  with  protein  antigens  in  the 
60-kDa  range  for  all  the  bacteria  tested  except  that  of  R. 
tsutsugamushi.  The  same  pattern  of  strong  reactivity  seen 
with  the  polyvalent  BCG  and  C.  burnetii  antisera  was 
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FIG.  3.  Amino  acid  sequence  alignment  between  the  Hsp60  and  HsplO  proteins.  R.  tsu..  R.  isutsugamushi-.  M.  lep.,  Mycobacterium 
leprae:  C.  bur.,  C.  burnetii:  Synech.,  Synechococcus  strain  6301;  T.  aes.,  T.  aestivum  (wheat);  S.  cer.,  Saccharomyces  cerevisiae:  M.  tub., 
Mycobacterium  tuberculosis.  Consensus  amino  acids  are  indicated  for  Hsp60  if  five  of  seven  amino  acids  are  identical  at  that  position. 
Consensus  amino  acids  are  indicated  for  HsplO  if  four  of  five  amino  acids  are  identical.  Asterisks  indicate  sequence  identity  to  the  calculated 
consensus  sequence;  dots  indicate  sequence  gaps. 


observed  with  five  diflferent  monoclonal  antibodies  to  the 
purified  R.  typfii  Hsp60  antigen.  Two  of  these  monoclonal 
antibodies  are  shown  in  Fig.  5.  None  of  these  five  monoclo¬ 
nal  antibodies  exhibited  reactivity  with  the  R.  isutsugamushi 
Sta58  protein.  These  data  were  in  agreement  with  the  results 
obtained  with  the  polyclonal  anti-/?,  isutsugamushi  serum, 
which  only  reacted  strongly  with  R.  isutsugamushi  antigens, 
including  the  Sta58  protein.  Cross-reactivity  was  observed 
between  the  C.  hurnetii  and  R.  isutsugamushi  sera  and  the 
respective  Hsp60  homologs  of  these  two  bacteria,  but  this 


cross-reactivity  was  substantially  less  than  that  observed  in 
all  other  cases. 

DISCUSSION 

The  Sta58  protein,  which  is  most  likely  the  63-kDa  protein 
described  by  Hanson  (12,  13)  and  the  60-kDa  protein  de¬ 
scribed  by  Tamura  et  al.  (51),  is  an  abundant  protein  of  R. 
Isutsugamushi  and  is  often  recognized  by  animals  and  hu¬ 
mans  infected  with  scrub  typhus  rickettsiae.  The  cloning  and 
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FIG.  4.  Comparison  of  HsplO  and  Hsp60  hydrophobicity  profiles.  Hydrophobicity  was  plotted  by  the  method  of  Kyte  and  Doolittle  (22). 
Regions  above  the  horizontal  axis  are  hydrophobic.  Abbreviations  are  defined  in  the  legend  to  Fig.  3. 

expression  of  the  R.  tsutsugamushi  sfa58  gene  in  E.  coli  will  tsutsugamushi  Sta58  protein  is  also  unique  antigenically. 

facilitate  further  evaluation  of  the  Sta58  protein  as  a  possible  Although  observations,  including  distinct  ultrastructure  and 

component  of  future  scrub  typhus  subunit  vaccines.  On  the  unique  physiological  requirements,  have  suggested  that  R. 

basis  of  overwhelming  amino  acid  sequence  identity  (aver-  tsutsugamushi  is  clealy  unique  among  other  members  of  the 

age,  49%)  and  similarity  we  conclude  that  the  Sta58  protein  genus  Rickettsia  (21,  45),  it  was  unexpected  that  we  would 

antigen  is  a  member  of  the  Hsp60  family  of  stress  proteins,  find  a  lack  of  antigenic  similarity  between  the  R.  tsutsuga- 

also  termed  common  antigens.  However,  among  the  com-  mushi  Sta58  antigen  and  the  Hsp60  homolog  of  R. 

plete  bacterial  Hsp60  sequences  known,  the  R.  tsutsuga-  prowazekii,  a  member  of  the  typhus  group  of  rickettsiae. 

mushi  Sta58  antigen  appears  to  be  the  least  similar.  In  This  result  is  particularly  surprising  because  substantial 

contrast  to  the  observed  genetic  relatedness  of  Sta58  and  antigenic  similarity  was  observed  between  Rickettsia 

Hsp60  proteins.  Western  blot  analysis  of  a  number  of  prowazekii  and  the  Hsp60  homologs  of  other,  presumably 

bacteria  with  a  variety  of  polyclonal  and  monoclonal  antisera  less-related  bacteria.  It  should  be  noted  that  this  study  used 

(known  to  react  with  Hsp60  proteins)  indicated  that  the  R.  a  set  of  five  monoclonal  antibodies  (including  those  shown  in 
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FIG.  5.  Serological  comparison  of  Hsp60  common  antigen  ho¬ 
mologs  by  Western  blot  analysis.  Various  antigen  preparations  (/?. 
txii..  R.  isulsiiffamushi;  C.  bur..  C.  burnetii'.  R.  pro..  R.  prowazekii: 
S.fl.x..  Shigella  fle.xneri:  BCG,  W.  bovi.x  BCG;  N.  men..  Neisseria 
meningitidis)  were  electrophoresed  and  electroeluted  onto  nitrocel¬ 
lulose.  Each  panel  represents  a  similar  gel  with  each  battery  of 
antigens.  Only  the  portion  of  the  gel  containing  the  Hsp60  antigens 
is  shown.  Each  antigen  group  was  reacted  separately  with  the 
antisera  designated  on  the  left  (a.  polyclonal  antiserum  to  gradient- 
purified  R.  tsutsugamushi  Karp:  b.  polyclonal  antiserum  to  recom¬ 
binant  C.  burnetii  HtpB  protein  155|;  c,  polyclonal  antiserum  to 
BCG  cell  wall  fraction;  d,  monoclonal  antiserum  TC30-2F2.2  to 
puritied  R.  typhi  Hsp60;  e.  monoclonal  antiserum  T5-1F1.5  to 
purified  R.  typhi  HspM). 


Fig.  5)  specific  for  five  unique  epitopes  of  the  R.  typhi  Hsp60 
antigen  which  clearly  react  with  R.  prowazekii  (G.  A.  Dasch, 
manuscript  in  preparation).  The  Western  blot  data  do  not 
preclude  the  possibility  that  the  R.  tsutsugamushi  Sta58 
protein  shares  common  antigenic  determinants  with  Hsp60 
homologs  of  other  bacteria.  In  fact,  some  marginal  cross¬ 
reactivity  was  observed  between  the  Sta58  protein  and  the 
C.  burnetii  HtpB  antigen.  From  this  limited  survey  one  may 
conclude  that  the  R.  tsutsugamushi  Sta58  antigen  shares 
fewer  common  epitopes  with  the  Hsp60  family  than  the 
Hsp60  proteins  of  the  other  bacteria  used  in  this  study. 
These  data  also  suggest  that  R.  tsutsugamushi  may  be  more 
distantly  related  to  the  other  rickettsiae  than  was  previously 
thought.  Molecular  cloning  and  sequence  analysis  of  the 
spotted-fever  and  typhus  group  Rickettsia  hsp60  genes  cou¬ 
pled  with  more  detailed  serological  studies  of  the  Rickettsia 
Hsp60  homologs  may  give  interesting  insights  into  the  taxo¬ 
nomic  relationship  between  R.  tsutsugamushi  and  the  other 
Rickettsia  groups.  For  example,  it  was  surprising  to  find  that 
the  C.  burnetii  HtpB  Hsp60  homolog  is  substantially  closer 
in  identity  to  the  E.  coli  GroEL  protein  than  to  the  StaS8 


protein,  even  though  the  genus  Coxiella  is  in  the  tribe 
Rickettsieae  and  was  once  in  the  genus  Rickettsia  (8). 

Because  it  is  believed  that  the  HsplO  proteins  and  Hsp60 
proteins  complex  with  each  other,  it  is  possible  that  the  stpll 
and  staSS  genes  are  cotranscribed  or  coregulated  (14).  Be¬ 
fore  this  study,  the  genes  encoding  HsplO  and  Hsp60  protein 
homologs  had  been  found  to  be  closely  linked,  and  probably 
cotranscribed,  from  hsplQ  to  hspbO  in  E.  coli,  C.  burnetii, 
and  Synechococcus  strain  6301  (14,  55).  In  this  study,  the 
location  of  promoterlike  sequences  5'  to  the  ifpll  gene,  the 
apparent  absence  of  promoterlike  sequences  for  the  adjacent 
downstream  sta5%  gene,  and  the  lack  of  recognizable  tran¬ 
scriptional  terminators  between  the  two  genes  suggests  that 
the  stpW  and  sta58  genes  may  be  cotranscribed  in  the  same 
order  as  the  hsplO  and  hsp60  genes  of  E.  coli,  C.  burnetii, 
and  Synechococcus  strain  6301.  Exceptions  to  the  close  gene 
linkage  include  the  h.xplO  (BCG-a  gene)  and  /isp60  genes  of 
M.  tuberculosis  (40)  and  genes  encoding  Hsp60  homologs 
from  a  number  of  plants  and  other  eucaryotes,  including 
humans  (5,  14,  17). 

One  of  the  eventual  goals  of  this  effort  is  to  evaluate  the  R. 
tsutsugamushi  Sta58  major  protein  antigen  as  a  potentially 
protective  antigen.  Because  the  Hsp60  proteins  are  generally 
immunodominant  antigens,  a  number  of  groups  are  also 
studying  the  Hsp60  proteins  of  other  procaryotic  and  eucary- 
otic  pathogens  as  protective  antigens  (39,  55,  56).  A  major 
concern  regarding  the  use  of  an  Hsp60  antigen  or  any  other 
highly  conserved  protein  in  a  vaccine  is  the  potential  for  the 
antigen  to  elicit  an  autoimmune  response  to  a  homologous 
self  protein.  A  number  of  bacterial  pathogens  have  been 
associated  with  autoimmune  disorders  (including  arthritis). 
In  the  case  of  the  rat  adjuvant  arthritis  model,  arthritogenic 
T  cells  have  been  shown  to  cross-react  with  the  M.  tuber¬ 
culosis  65-kDa  antigen  and  an  unidentified  protein  in  syn¬ 
ovial  fluid,  but  it  remains  to  be  determined  whether  this 
cross-reactivity  is  due  to  a  specific  immune  response  to  the 
Hsp60  of  the  pathogen.  Recent  evidence  has  prompted  the 
hypothesis  that  the  immune  system  is  actually  predisposed 
to  autoreact  with  self  Hsp60  (and  possibly  other  highly 
conserved  stress  proteins)  and  that  this  autoimmune  re¬ 
sponse  is  central  to  a  normal  mechanism  for  immune  sur¬ 
veillance  (20,  30,  34;  for  a  review,  see  reference  58). 

Alternatively,  it  has  been  questioned  whether  the  highly 
homologous  stress  proteins  could  have  any  protective  vac¬ 
cine  potential  at  all,  since  infection  by  one  pathogen  does  not 
normally  protect  an  individual  from  infection  with  a  different 
pathogen.  It  has  been  suggested  by  Young  et  al.  (56)  that 
exposure  to  bacterial  stress  protein  families  early  in  life  may 
induce  immunity  to  a  variety  of  different  pathogens  and 
could  explain  why  only  a  fraction  of  individuals  infected  with 
some  pathogens  actually  acquire  clinical  disease.  It  is  our 
belief  that  further  study  of  the  R.  tsutsugamushi  Sta58 
antigen  and  Hsp60  proteins  as  protective  antigens  is  war¬ 
ranted  because  it  is  clear  from  previous  studies  and  this 
study  that  within  the  highly  homologous  framework  of  the 
Hsp^  proteins  there  is  a  considerable  capacity  for  unique 
antigenic  determinants  and.  therefore,  the  possibility  for 
specific  protective  immunity.  Because  lasting  protection 
against  scrub  typhus  rickettsiae  is  strain  specific,  the  Sta58 
antigen  by  itself  may  not  be  sufficient  for  a  protective  subunit 
vaccine,  as  no  apparent  strain-specific  differences  in  the  R. 
tsutsugamushi  Sta58  antigen  have  been  observed  to  date 
(32).  Nevertheless,  initial  short-term  heterologous  protec¬ 
tion  may  indicate  that  an  antigen  or  antigens  common  to  the 
strains  of  R.  tsutsugamushi  might  provide  marginal  short¬ 
term  protection.  It  is  also  possible  that  marginally  protective 
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antigen  components  are  necessary  for  a  complete  and  effec¬ 
tive  vaccine. 

In  addition  to  their  potential  as  components  in  protective 
vaccines,  recombinant  Hsp60  homologs  from  a  variety  of 
organisms  may  be  useful  for  the  stability  and  correct  assem¬ 
bly  of  recombinant  foreign  proteins.  While  the  Hsp60  pro¬ 
teins  probably  carry  out  similar  functions  in  their  respective 
hosts,  there  are  some  indications  that  they  are  not  com¬ 
pletely  interchangeable  and  that  Hsp60  proteins  may  have 
some  preference  for  proteins  of  their  normal  environment. 
For  example,  a  temperature-sensitive  E.  coli  GroEL  mutant 
could  not  be  suppressed  by  a  recombinant  M.  tuberculosis 
homolog  (41).  It  has  also  been  demonstrated  that  hyperex¬ 
pression  of  a  nonnative  Hspl0-Hsp60  can  permit  the  correct 
assembly  of  an  enzyme  complex  that  normally  requires  the 
assembly  of  the  Hspl0-Hsp60  complex  in  its  normal  host 
(e.g.,  plant  ribulose  1,5-bisphosphate  carboxylase-oxygen¬ 
ase)  (11).  It  is  plausible  that  the  problem  of  incorrect 
assembly  of  recombinant  proteins  may  be  circumvented  by 
cloning  the  normal  hsplO  hsp6Q  homologs  in  consort  with  the 
genes  of  interest.  This  possibility  is  made  more  tenable  by 
the  general  finding  that  the  Hsp60  homologs  cloned  so  far 
appear  to  be  expressed  well  and  are  stable  in  E.  coli.  The 
stable  nature  and  possible  intrinsic  antigenicity  of  the  HsplO- 
Hsp60  homologs  might  also  make  this  family  of  proteins 
useful  as  protein  carriers  for  different  antigens  to  be  used  in 
vaccine  preparations.  It  is  therefore  conceivable  that  the 
recombinant  stpll-staSS  genes  could  be  used  not  only  as  a 
vaccine  immunogen  but  also  to  assist  in  the  stable  expres¬ 
sion  and  presentation  of  other  recombinant  R.  tsutsuga- 
mushi  antigens. 

(It  should  be  noted  that  the  genes  encoding  the  cyanobac¬ 
terium  Synechcococcus  strain  6301  HsplO  and  Hsp60  pro¬ 
teins  were  not  recognized  as  such  but  were  fortuitously 
cloned  and  sequenced  along  with  ATP  synthase  subunit 
genes  [6],  It  was  later  determined  by  sequence  homology 
that  two  ORFs  designated  Urf4  and  Urf4  probably  encode 
the  Synechococcus  strain  6301  HspiU  and  Hsp60  homologs 
[M.  Vodkin,  personal  communication].  The  Urf4  (Hsp60 
homolog]  ORF  is  not  completely  sequenced  and  is  truncated 
at  about  900  bases  [300  amino  acids].) 
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